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Abstract

Sulfuric acid clusters stabilized by base molecules are likely to have a significant role
in atmospheric new particle formation. Recent advances in mass spectrometry tech-
niques have permitted the detection of electrically charged clusters. However, direct
measurement of electrically neutral clusters is not possible. Mass spectrometry instru-5

ments can be combined with a charger, but the possible effect of charging on the com-
position of neutral clusters must be addressed before the measured data can be linked
to properties of neutral clusters. In the present work we have used formation free ener-
gies from quantum chemical methods to calculate the evaporation rates of electrically
charged (both positive and negative) sulfuric acid-ammonia/dimethylamine clusters. To10

understand how charging will affect the composition of these clusters, we have com-
pared the evaporation rates of charged clusters with those of the corresponding neutral
clusters. We found that the only cluster studied in this paper which will retain its com-
position is H2SO4

qNH3 when charged positively; all other clusters will be altered by
both positive and negative charging. In the case of charging clusters negatively, base15

molecules will completely evaporate from clusters with 1 to 3 sulfuric acid molecules
in the case of ammonia, and from clusters with 1 or 2 sulfuric acid molecules in the
case of dimethylamine. Larger clusters will maintain some base molecules, but the
H2SO4 : base ratio will increase. In the case of positive charging, some of the acid
molecules will evaporate, decreasing the H2SO4 : base ratio.20

1 Introduction

Atmospheric aerosol particles affect climate both directly and indirectly (IPCC, 2007;
Merikanto et al., 2009). One of the less understood aerosol related processes is the
formation of new particles from condensable vapors in the atmosphere. The participa-
tion of sulfuric acid in this process is clear (see, for example, Sipilä et al., 2010), but25

sulfuric acid on its own cannot explain the new particle formation rates observed dur-
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ing different field campaigns. It has been known for long that sulfuric acid clusters need
to be stabilized to be able to form aerosol particles. The identity of these stabilizing
compounds has been the subject of several studies during the recent years. Ammonia
has been one of the most studied candidates to stabilize sulfuric acid clusters (Weber
et al., 1996; Merikanto et al., 2007; Benson et al., 2010). Recent results from the state-5

of-the-art CLOUD experiment at CERN (Kirkby et al., 2011) have shown that, although
the presence of ammonia can enhance the observed particle formation rate, the rates
measured in the experiment are still far from those observed in the atmosphere. Or-
ganic compounds, especially organic nitrogen bases such as amines, have become the
strongest candidate to explain observed formation rates. In 2001 Mäkelä et al. reported10

the presence of amines in particles during new particle formation events (Mäkelä et al.,
2001). Different quantum chemical studies have shown that amines stabilize sulfuric
acid clusters more efficiently than ammonia (Kurtén et al., 2008; Loukonen et al., 2010;
Nadykto et al., 2011). This is supported by atmospheric and laboratory measurements
(Smith et al., 2010; Zhao et al., 2011; Almeida et al., 2013).15

The main problem in understanding new-particle formation is that the key steps occur
in small molecular clusters, below 1.5 nm in diameter (see for example, Kulmala et al.,
2013). Recent developments in cutting-edge high-resolution mass spectrometry have
enabled the chemical characterization of charged clusters from the molecular scale
upward (Junninen et al., 2010; Ehn et al., 2011; Kirkby et al., 2011; Kulmala et al.,20

2013). These measurements can only provide the elemental composition of the de-
tected clusters, which makes it impossible to distinguish between different compounds
with the same elemental formula. For example, the compound with the elemental for-
mula C3H7N can be either dimethylamine ((CH3)2NH) or ethylamine (CH3CH2NH2). In
addition, these measurements alone yield no information on the composition of neutral25

clusters. A charger can be included in front of the mass spectrometer (Jokinen et al.,
2012), but depending on the charging mechanism used in the instruments, some clus-
ter types may not be charged, others may be broken up and others may be chemically
completely altered by the process (Kurtén et al., 2011; Kupiainen-Määttä et al., 2013;
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Ruusuvuori et al., 2013). Furthermore, clusters sampled by the Atmospheric Pressure
Interface-Time of Flight Mass Spectrometer (APi-TOF-MS) pass through a low pres-
sure interface, where loosely bound molecules can evaporate from the clusters. In ad-
dition, high energy collisions with gas molecules inside the instrument can also affect
the composition of the detected clusters.5

In the present work, we have used the formation free energies from our previous
quantum chemistry based works (Kupiainen et al., 2012; Olenius et al., 2013a, b) to
calculate the evaporation rate of charged sulfuric acid – ammonia and sulfuric acid
– dimethylamine (DMA) clusters. We present a detailed analysis of the stability of
charged clusters with different compositions. In addition we compare the evaporation10

rates of the charged clusters to those of the corresponding neutral clusters, calculated
in our previous work (Ortega et al., 2012), to determine how the charging process will
affect the neutral clusters.

2 Methodology

In this work we have used the formation free energies calculated in our previous works15

(Kupiainen et al., 2012; Olenius et al., 2013a, b) using a multi-step quantum chemi-
cal method developed by our group (Ortega et al., 2012). The geometry optimizations
and frequency calculations were performed with the Gaussian09 program (Frisch et al.,
2009) using the B3LYP hybrid functional (Becke, 1993) and a CBSB7 basis set (Mont-
gomery et al., 1999), and a single-point electronic energy was then calculated with the20

TURBOMOLE program (Ahlrichs et al., 1989) using the RI-CC2 method (Hättig and
Weigend, 2000) and an aug-cc-pV(T+d)Z basis set (Dunning et al., 2001). We will
refer to this method as B3RICC2.

In a previous study (Ortega et al., 2012) we compared the results obtained with
the B3RICC2 method with those of the high level multi-step method CBS-QB3 (Mont-25

gomery et al., 1999). The agreement between these two methods was very good (with
an average difference of 0.74 kcalmol−1). Unfortunately, experimental measurements
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of Gibbs formation free energies of the neutral clusters studied here do not exist.
Present experimental techniques to estimate the Gibbs formation free energies are
based on mass spectrometry measurements, and thus only charged clusters can be
studied. This leaves theoretical methods, out of which quantum chemistry is currently
the most accurate method, as the only way to determine Gibbs formation free energies5

of neutral clusters. Experimental Gibbs formation free energies exist for some of the
charged clusters studied in this work (Lovejoy et al., 2003). For these cases a direct
comparison between quantum chemical and experimental results is possible.

The evaporation rate of a certain molecule or cluster, γi (Ni ), from the cluster Ni+j
is related to the Gibbs formation free energies through the equation (see, for example,10

Ortega et al., 2012 and references therein)

γi (Ni+j ) = βijcref exp

(
∆G(Ni+j )−∆G(Ni )−∆G(Nj )

kT

)
(1)

where βij is the collision rate of Ni with Nj , ∆G(Ni+j ), ∆G(Ni ) and ∆G(Nj ), are the Gibbs
free energies of formation of clusters Ni+j , Ni and Nj from monomers at the reference
vapour concentration cref, k is the Boltzmann constant and T is the temperature. It must15

be noted that in the case where Ni and/or Nj are monomers, ∆G(Ni ) and/or ∆G(Nj )
are by definition zero.

The collisions rate of a charged cluster with a neutral cluster can be calculated as
(Su and Browers, 1973)

βij =
Ze
2ε0

(
1
mi

+
1
mj

) 1
2

×
[

(4πε0αj )
1
2 +cµj

(
2

πkT

) 1
2

]
(2)20

where Ze is the charge of the ionic cluster, ε0 is the vacuum permittivity, mi and mj
are the masses of the colliding clusters, αj and µj are the polarizability and the dipole
moment of the colliding neutral molecule/cluster, respectively, and c is a scaling factor
related to the orientation of the dipole moment towards the colliding ion. As suggested
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by Su and Bowers (1973) a value of 0.15 for the scaling factor c has been used. The
polarizabilities and dipole moments used are summarized in Supplement Table S1.

3 Benchmarking computational results against experiments

Table 1 shows the comparison of the evaporation rates deduced from experimental
formation free energies (Lovejoy et al., 2003) with those obtained using formation free5

energies from quantum chemistry.
In the case of the H2SO4

qHSO−
4 cluster, the B3RICC2 method underestimates the

experimental evaporation rate by 3–4 orders of magnitude, while for all other clusters
it is able to reproduce the experimental values accurately with deviations below one
order of magnitude, corresponding to an average difference of 0.44 kcalmol−1 in the10

formation free energies. The disagreement in the evaporation rate of H2SO4
qHSO−

4
may be due to the presence of an almost free internal rotation in the HSO−

4 ion, which
is incorrectly modeled as a low-frequency vibration (Kurtén et al., 2007; Ortega et al.,
2008). This would explain why the error is only found in the charged dimer, as it will
cancel out when computing the addition energies of sulfuric acid to form larger clusters.15

Although the difference between the calculated value and the experimental one for
H2SO4

qHSO−
4 cluster is large, the evaporation rate of the charged dimer is so small

that it does not in practice evaporate at all in any case. If we consider that the collision
rate of sulfuric acid molecules with one charged dimer is about 10−9 s−1 cm−3 and the
atmospheric concentration of sulfuric acid is between 106 and 107 cm−3, an evaporation20

rate smaller than 10−2–10−3 s−1 will be enough to allow further acid collisions before
the dimer evaporates. Therefore, the differences between the quantum chemical and
experimental evaporation rates for the charged dimer will not have an effect in terms of
cluster kinetics at atmospherically relevant sulfuric acid concentration.
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4 Results

We have used the formation free energies calculated for sulfuric acid–ammonia and
sulfuric acid–DMA charged clusters from previous works (Kupiainen et al., 2012; Ole-
nius et al., 2013a, b) to calculate their evaporation rates. We have included nega-
tively and positively charged clusters containing up to four sulfuric acid and four DMA5

molecules and up to five sulfuric acid and five ammonia molecules. In the case of
negatively charged DMA-containing clusters, (H2SO4)3

qHSO−
4

q ((CH3)2NH)2 cluster is
already more stable than (H2SO4)3

qHSO−
4 cluster. On the other hand, for negatively

charged ammonia-containing clusters, (H2SO4)3
qHSO−

4
q (NH3)2 cluster is as stable

as (H2SO4)3
qHSO−

4 cluster. To check if larger ammonia-containing clusters were more10

stable than the corresponding pure (with no base molecules) negatively charged sul-
furic acid cluster, as in the case of DMA-containing clusters, we extended the analysis
up to the negatively charged pentamers in the case of ammonia. Some clusters with
an unfavorable acid-base ratio have been left out due to their relatively low stability, as
discussed by Olenius et al. (2013a). Tables 2a and 2b summarize the specific negative15

and positive clusters included in this study.
Figure 1 shows the structures of most stable clusters with one to four (or five in the

case of pure sulfuric acid and ammonia-containing clusters) sulfuric acid molecules
for: (A) negatively charged sulfuric acid clusters, (B) negatively charged ammonia-
containing clusters, (C) negatively charged DMA-containing clusters, (D) positively20

charged ammonia-containing clusters and (E) positively charged DMA-containing clus-
ters (xyz coordinates for all clusters included in the study are provided in the supple-
mentary material). Note that in the case of negatively charged base-containing clusters
the most stable cluster refers to the most stable cluster with at least one base molecule,
not to the most stable negatively charged cluster overall. Negatively charged DMA-25

containing clusters needs at least three sulfuric acid molecules (including the bisulfate
ion) to have a low enough evaporation rate to be abundant under atmospheric, while
in the case of ammonia-containing clusters four sulfuric acid molecules (including the
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bisulfate ion) are needed. For negative clusters containing four acids, the most stable
clusters contain two base molecules, both in the case of DMA and ammonia. The sec-
ond DMA molecule accepts a proton from the HSO−

4 ion, forming a sulfate ion (SO2−
4 ).

The sulfate ion is also formed in (H2SO4)4
qHSO−

4
q (NH3)3 cluster.

The general structures of the most stable positively charged clusters are similar for5

both the ammonia and DMA containing systems. All base molecules are found in their
protonated form as long as the cluster contains enough sulfuric acid molecules to do-
nate the protons. Unsurprisingly, the sulfate ion (SO2−

4 ) is never formed in positively
charged clusters. The composition of the most stable positively charged clusters can
be summarized as (HSO−

4 )x
q (NH+

4 )x+1 // ((CH3)2NH+
2 )x+1.10

4.1 Negative clusters

In our previous work (Ortega et al., 2012) we showed that, based on the com-
puted Gibbs formation energies, cluster-fission processes were more important than
monomer evaporation for some neutral clusters. Thus, in the present work, we have
calculated the monomer evaporation rates and all the possible cluster fission rates.15

Table 3 summarizes the highest evaporation rates for each cluster as well as the evap-
orated molecule/cluster. As in the neutral system, cluster-fission is only relevant for
DMA-containing clusters. The fragments leaving the cluster in the fission process are
(H2SO4)2

q (CH3)2NH and (H2SO4)2
q ((CH3)2NH)2 which are extremely stable (Ortega

et al., 2012).20

Evaporation rates of pure sulfuric acid, sulfuric acid–ammonia and sulfuric acid–
DMA clusters at 298.15 K are compared in Fig. 2. The negatively charged sulfuric
acid dimer, H2SO4

qHSO−
4 , is extremely stable with an evaporation rate of practically

zero. The negatively charged sulfuric acid trimer, (H2SO4)2
qHSO−

4 , is also stable,

with an evaporation rate of 3.67×10−3 s−1. The collision frequency of free sulfuric25

acid molecules with one charged trimer is 1.23×10−9 s−1 cm−3. Thus, if the concen-
tration of sulfuric acid monomers is 3×106 cm−3 or larger, the collisions of sulfuric
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acid monomers with the cluster will be faster than evaporation. In case of the charged
tetramer, (H2SO4)3

qHSO−
4 , the evaporation rate is already relatively high, requiring

a higher concentration of sulfuric acid to allow a collision before the cluster evaporates.
The charged pure sulfuric acid pentamer, (H2SO4)4

q HSO−
4 , is not stable, with an evap-

oration rate of 1.85×103 s−1. Therefore, as in the neutral case (Ortega et al., 2012),5

additional stabilizing compounds are needed to allow further additions of sulfuric acid
molecule to the cluster.

Ammonia evaporation rates from HSO−
4

qNH3 and H2SO4
qHSO−

4
qNH3 clusters are

around 1010–1011 s−1. For the (H2SO4)2
qHSO−

4
qNH3 cluster, the ammonia evapo-

ration rate is close to 105 s−1, and thus the ammonia concentration needs to be10

of the order of 1014 cm−3 (around 4 ppm) for collisions to be frequent enough to
retain ammonia in the cluster after charging. The (H2SO4)3

qHSO−
4

qNH3 cluster is
equally stable as the pure charged four sulfuric acid cluster (H2SO4)3

qHSO−
4 and the

(H2SO4)3
qHSO−

4
q (NH3)2 is the most stable negatively charged cluster with four sul-

furic acid molecules. Both the (H2SO4)4
qHSO−

4
qNH3 and (H2SO4)4

qHSO−
4

q (NH3)215

clusters more stable than the pure five sulfuric acid cluster, (H2SO4)4
qHSO−

4 . In case
of the (H2SO4)4

qHSO−
4

qNH3 cluster, H2SO4 will evaporate faster than ammonia from
the cluster. The stability of the HSO−

4
q (CH3)2NH cluster is similar to the correspond-

ing ammonia cluster. However, in DMA-containing clusters, stability increases much
faster as the number of sulfuric acid molecules increases than in ammonia-containing20

clusters. In the case of DMA clusters, already the (H2SO4)2
qHSO−

4
q (CH3)2NH

cluster is close in stability to the pure charged three sulfuric acid cluster, and
(H2SO4)3

qHSO−
4

q ((CH3)2NH)2 is more stable than (H2SO4)3
qHSO−

4 cluster.
These results confirm that while sulfuric acid is able to form up to anionic trimers

on its own, in a similar way to neutral clusters, some additional stabilizing compound25

is needed to enable further growth by addition of sulfuric acid molecules. This is not
surprising, since the bisulfate ion itself is a Lewis base, and thus able to stabilize the
cluster. Figure 3 compares the evaporation rates of pure neutral sulfuric acid clusters
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and clusters containing one stabilizing base (including the bisulfate ion as a base). In
all cases one base molecule is able to stabilize only clusters with up to three sulfuric
acid molecules, and additional base molecules are needed to stabilize larger clusters.
HSO−

4 is able to form very stable clusters with one sulfuric acid molecule compared to
DMA and NH3, but clusters with two sulfuric acid molecules are already better stabi-5

lized by DMA. As sulfuric acid molecules are added to the cluster, the evaporation rate
approaches that of pure neutral sulfuric acid clusters. Clusters containing four sulfuric
acid molecules are not stabilized sufficiently by just one base, and thus the evaporation
rate of clusters containing four sulfuric acids and a base is similar to the evaporation
rate of the pure sulfuric acid tetramer. As already shown by Ortega et al. (2012), fur-10

ther base molecules are needed to stabilize larger clusters. It is not possible to add
a second bisulfate ion to a small cluster due to electrostatic repulsion, but a neutral
nitrogen-containing base (ammonia or DMA) can be added.

4.2 Positive clusters

In the case of positively charged clusters, according to the formation free ener-15

gies calculated, the only cluster for which cluster fission processes are important
is (H2SO4)4((CH3)2NH)4((CH3)2NH+

2 ) for which the highest evaporation rate corre-
sponds to (H2SO4)4((CH3)2NH)4((CH3)2NH+

2 )→ (H2SO4)3((CH3)2NH)3((CH3)2NH+
2 )+

(H2SO4)((CH3)2NH) fission.
For each number of sulfuric acid molecules, the most stable positively charged clus-20

ters (Fig. 4) have evaporation rates below 1 s−1. In the case of positive sulfuric acid-
ammonia clusters, the most stable cluster is (H2SO4)2

q (NH3)2
qNH+

4 . As cluster size
increases, the evaporation rate increases. As in negatively charged clusters, DMA
clusters are more stable than ammonia clusters. For DMA the most stable cluster
is H2SO4

q (CH3)2NH q (CH3)2NH+
2 , and, as in the case of ammonia, as cluster size25

increases the evaporation rate increases. The acid : base stoichiometry of positively
charged clusters is the same for ammonia and DMA. The most stable clusters are
formed by the cation and an equal number of sulfuric acid and base molecules. In this
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case NH+
4 and (CH3)2NH+

2 cations (or technically the protons bound to the nitrogen
atoms) are Lewis acids, so there will be a competition for bases between the cation
and the sulfuric acid, instead of a competition between bases for the available acids.

4.3 Charging neutral clusters

To evaluate the effect of charging in the detection of neutral clusters by mass spec-5

trometry techniques, we have compared the evaporation rates of the most stable base-
containing neutral clusters to the evaporation rates of the charged clusters obtained by
adding or removing a proton from the neutral clusters (Figs. 5–7).

Figure 5 shows the most stable ammonia–containing neutral clusters and the cor-
responding negatively charged ones. We can see that if the most stable neutral10

ammonia-containing clusters get charged, their charged counterpart is unstable. For
example, the (H2SO4)2

qNH3 cluster is stable, but its negatively charged counterpart,
H2SO4

qHSO−
4

qNH3, is extremely unstable and an ammonia molecule will evaporate,
resulting in the charged pure sulfuric acid dimer. The situation for charged clusters
containing three sulfuric acid molecules is similar. Neutral ammonia-containing clusters15

will lose the ammonia molecules when charged, and will be detected as pure charged
trimers. Once the cluster has four sulfuric acid molecules, only one ammonia molecule
will evaporate from the cluster. Thus, although some ammonia molecules will stay in
the cluster, the composition of the resulting charged cluster will be different from the
original neutral cluster.20

In the case of DMA-containing clusters the most stable neutral cluster,
(H2SO4)2

q (CH3)2NH, will lose the DMA molecule when it is charged, ending up as
a charged pure sulfuric acid cluster. The main difference between ammonia and DMA
clusters is that three sulfuric acid molecules are enough to keep some DMA molecules
in the cluster after negative charging. As in the case of ammonia, the number of DMA25

molecules in the neutral cluster will change when charged. This has important impli-
cations, since, according to recent modeling studies (Olenius et al., 2013b; Kupiainen-
Määttä et al., 2013), H2SO4

qDMA and (H2SO4)2
qDMA clusters might be relatively
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abundant under atmospheric conditions, but they will not be detected by mass spec-
trometry techniques as DMA-containing clusters.

Charging base-containing clusters positively will also affect their composition in most
cases (Fig. 6). The H2SO4

qNH+
4 cluster is stable, so H2SO4

qNH3 will not evaporate
back into monomers after becoming positively charged. Larger neutral clusters will5

not remain stable when charged positively. (H2SO4)2
qNH+

4 cluster will evaporate one
sulfuric acid molecule, leading to the stable H2SO4

qNH+
4 cluster. In the case of neutral

clusters, the number of sulfuric acid molecules in stable clusters is one higher than
the number of ammonia molecules, while in the most stable positively charged clusters
the number of ammonia molecules (including the NH+

4 ion) is one higher than number10

of sulfuric acid molecules. Therefore clusters containing three and four sulfuric acids
need to evaporate two sulfuric acid molecules after being charged to reach a favorable
composition.

In the case of DMA-containing clusters, all the charged counterparts of the most
stable neutral clusters are unstable. H2SO4

q (CH3)2NH+
2 and (H2SO4)2

q (CH3)2NH+
215

clusters will most probably evaporate into monomers. In the case of larger clus-
ters, which in the neutral case favour the same number of DMA and sulfuric acid
molecules, positively charged clusters will evaporate one sulfuric acid molecule, lead-
ing to the formation of the stable clusters (H2SO4)2

q (CH3)2NH q (CH3)2NH+
2 and

(H2SO4)2
q ((CH3)2NH)2

q (CH3)2NH+
2 .20

Figure 7 represents schematically the effect of charging most stable neutral
ammonia/DMA-containing clusters. We have included in the figure evaporation paths
until the resulting cluster has an evaporation rate smaller than 10 s−1. This limit is arbi-
trary and has been chosen just to make the scheme simpler. The relative concentration
of different clusters is not only determined by their evaporation rates but also by the25

collision frequency of different species with the cluster. On other words, not always the
most stable cluster (in terms of evaporation rate) will be the most abundant. Although
in the case of clusters with extremely high evaporation rates, for example in the case
of HSO−

4
qNH3, the concentration of those clusters will be close to zero in atmospher-
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ically relevant conditions. In a similar way, if the evaporation rate is close to zero, like
for H2SO4

qHSO−
4 cluster, the cluster will not evaporate under atmospherically relevant

conditions.

5 Conclusions

In this work we present the evaporation rates of both positively and negatively charged5

sulfuric acid – ammonia and sulfuric acid – DMA clusters. We found that the most
stable positively charged base-containing clusters have evaporation rates below 1 s−1,
while in the case of the smallest negatively charged clusters the pure sulfuric acid clus-
ters are more stable than any base-containing clusters, and bases become important
only at larger cluster sizes. DMA-containing positively charged clusters are more sta-10

ble than the ammonia-containing clusters, and in both cases the stability decreases
when the cluster size increases. In the case of negatively charged clusters, HSO−

4
acts as a Lewis base, and is able to stabilize the smallest cluster effectively. Similarly
as for neutral clusters, one base is able to bind to only a few (around two) sulfuric
acid molecules. To prevent the fast evaporation of subsequently added sulfuric acid15

molecules, the addition of further base molecules is needed. In the case of HSO−
4 , the

addition of a second ion is not possible due to electrostatic repulsion, and thus an elec-
trically neutral base molecule is needed. This base competition makes base-containing
negatively charged clusters unstable until they reach certain a number of sulfuric acid
molecules. Ammonia-containing clusters need four sulfuric acid molecules (including20

the bisulfate ion) to prevent the evaporation of the ammonia molecule from the cluster,
while only three acids are needed in the case of DMA-containing clusters.

We have studied how charging processes (in this case, addition or removal of one
proton e.g. by chemical ionization) affect cluster composition by comparing the evap-
oration rates of the most stable neutral sulfuric acid–ammonia and sulfuric acid–DMA25

clusters to the evaporation rates of the corresponding charged clusters. Our calcula-
tions show that only the (H2SO4) qNH3 cluster will retain the same acid : base ratio after
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charging, becoming (H2SO4) qNH+
4 . The composition of the rest of the base-containing

clusters will change after they are positively charged. All positively charged clusters will
retain their base molecules, but will lose some number of sulfuric acid molecules. After
becoming negatively charged, neutral ammonia-containing clusters with one to three
sulfuric acid molecules will lose all ammonia molecules. In the case of DMA-containing5

clusters, one and two sulfuric acid clusters will lose all DMA molecules after charg-
ing. These results are in good agreement with experiments by Kirkby et al. (2011)
and Almeida et al. (2013) in which the smallest detected ammonia containing- and
DMA-containing negatively charged clusters contained four and three sulfuric acid
molecules, respectively.10

In view of these results, experimental Chemical Ionization-APi-TOF-MS measure-
ments of both positive and negative clusters distributions combined with cluster kinetic
models like ACDC (McGrath et al., 2012; Olenius et al., 2013a) can be used to link the
observed charged cluster distribution with the corresponding neutral cluster distribu-
tion.15

Supplementary material related to this article is available online at
http://www.atmos-chem-phys-discuss.net/14/1317/2014/
acpd-14-1317-2014-supplement.pdf.
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Table 1. Evaporation rate of H2SO4 from negatively charged sulfuric acid clusters at 298.15 K
calculated using B3RICC2 and experimental formation free energies from Lovejoy et al. (2003).

Cluster Theoretical evaporation rate (s−1) Experimental evaporation rate (s−1)

(H2SO4) qHSO−
4 1.77×10−15 1.60×10−11

(H2SO4)2
qHSO−

4 3.67×10−3 8.16×10−3

(H2SO4)3
qHSO−

4 1.58×101 5.29

(H2SO4)4
qHSO−

4 1.85×103 2.5×102
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Table 2a. Schematic diagram of the negatively charged clusters included in this study. NH3
indicates ammonia-containing and DMA indicates DMA-containing clusters.

1 base 2 bases 3 bases 4 bases

HSO−
4 NH3 DMA

(H2SO4) qHSO−
4 NH3 DMA DMA

(H2SO4)2
qHSO−

4 NH3 DMA NH3 DMA DMA

(H2SO4)3
qHSO−

4 NH3 DMA NH3 DMA NH3 DMA DMA

(H2SO4)4
qHSO−

4 NH3 NH3 NH3 NH3

1337

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/14/1317/2014/acpd-14-1317-2014-print.pdf
http://www.atmos-chem-phys-discuss.net/14/1317/2014/acpd-14-1317-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
14, 1317–1348, 2014

Base evaporation
from charged sulfuric

acid clusters

I. K. Ortega et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Table 2b. Schematic diagram of the positively charged clusters included in this study. NH3
indicates ammonia-containing and DMA indicates DMA-containing clusters.

H++ 1 base H++ 2 bases H++ 3 bases H++ 4 bases H++ 5 bases

0 acids NH3 DMA NH3 DMA NH3 DMA

H2SO4 NH3 DMA NH3 DMA NH3 DMA

(H2SO4)2 NH3 DMA NH3 DMA NH3 DMA NH3 DMA

(H2SO4)3 NH3 DMA NH3 DMA

(H2SO4)4 NH3 DMA NH3 DMA NH3 DMA
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Table 3. Highest evaporation rate and evaporating molecule/cluster at 298.15 K for different
negatively charged clusters studied.

Cluster Evaporation rate (s−1) Evaporating molecule/cluster

H2SO4
qHSO−

4 1.77 ×10−15 H2SO4

(H2SO4)2
qHSO−

4 3.67 ×10−3 H2SO4

(H2SO4)3
qHSO−

4 1.58 ×101 H2SO4

(H2SO4)4
qHSO−

4 1.85 ×103 H2SO4

HSO−
4

qNH3 3.09 ×1011 NH3

H2SO4
qHSO−

4
qNH3 1.46×1010 NH3

(H2SO4)2
qHSO−

4
qNH3 1.15×105 NH3

(H2SO4)3
qHSO−

4
qNH3 2.00×101 NH3

(H2SO4)4
qHSO−

4
qNH3 1.25 H2SO4

(H2SO4)2
qHSO−

4
q (NH3)2 8.51×104 NH3

(H2SO4)3
qHSO−

4
q (NH3)2 7.95 NH3

(H2SO4)4
qHSO−

4
q (NH3)2 2.51×10−1 NH3

(H2SO4)3
qHSO−

4
q (NH3)3 1.60×103 NH3

(H2SO4)4
qHSO−

4
q (NH3)3 6.88 ×10−3 NH3

(H2SO4)4
qHSO−

4
q (NH3)4 2.30 ×109 NH3

HSO−
4

q (CH3)2NH 7.66×109 (CH3)2NH
H2SO4

qHSO−
4

q (CH3)2NH 4.90×102 (CH3)2NH
(H2SO4)2

qHSO−
4

q (CH3)2NH 4.95×10−2 (CH3)2NH
(H2SO4)3

qHSO−
4

q (CH3)2NH 1.03 (H2SO4)2
q (CH3)2NH

H2SO4
qHSO−

4
q ((CH3)2NH)2 3.58×108 (CH3)2NH

(H2SO4)2
qHSO−

4
q ((CH3)2NH)2 2.49×10−1 (CH3)2NH

(H2SO4)3
qHSO−

4
q ((CH3)2NH)2 9.25×10−4 (H2SO4)2

q ((CH3)2NH)2

(H2SO4)2
qHSO−

4
q ((CH3)2NH)3 2.30×104 (CH3)2NH

(H2SO4)3
qHSO−

4
q ((CH3)2NH)3 2.91×101 (CH3)2NH

(H2SO4)3
qHSO−

4
q ((CH3)2NH)4 7.22×101 (CH3)2NH
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Table 4. Highest evaporation rate and evaporating molecule/cluster at 298.15 K for different
positively charged clusters studied.

Cluster Evaporation rate (s−1) Evaporating molecule/cluster

H2SO4
qNH+

4 2.31×10−1 H2SO4

(H2SO4)2
qNH+

4 1.83×102 H2SO4

NH3
qNH+

4 3.98×10−5 NH3

H2SO4
qNH3

qNH+
4 1.81×10−2 H2SO4

(H2SO4)2
qNH3

qNH+
4 8.03×10−1 H2SO4

(H2SO4)3
qNH3

qNH+
4 2.72×102 H2SO4

(NH3)2
qNH+

4 1.56×104 NH3

H2SO4
q (NH3)2

qNH+
4 7.19×102 NH3

(H2SO4)2
q (NH3)2

qNH+
4 1.69×10−5 NH3

(H2SO4)3
q (NH3)2

qNH+
4 1.48×102 H2SO4

(H2SO4)4
q (NH3)2

qNH+
4 3.70×103 H2SO4

(H2SO4)2
q (NH3)3

qNH+
4 1.24×104 NH3

(H2SO4)3
q (NH3)3

qNH+
4 4.21×10−4 NH3

(H2SO4)4
q (NH3)3

qNH+
4 7.72×101 H2SO4

(H2SO4)3
q (NH3)4

qNH+
4 1.66×104 NH3

(H2SO4)4
q (NH3)4

qNH+
4 5.01×10−1 NH3

(H2SO4)5
q (NH3)4

qNH+
4 7.85×10−1 H2SO4

(H2SO4) q (CH3)2NH+
2 5.01×102 H2SO4

(H2SO4)2
q (CH3)2NH+

2 4.64×101 H2SO4

(CH3)2NH q (CH3)2NH+
2 1.56×10−2 (CH3)2NH

H2SO4
q (CH3)2NH q (CH3)2NH+

2 1.80×10−10 H2SO4
(H2SO4)2

q (CH3)2NH q (CH3)2NH+
2 1.07 H2SO4

((CH3)2NH)2
q (CH3)2NH+

2 9.78×103 (CH3)2NH
H2SO4

q ((CH3)2NH)2
q (CH3)2NH+

2 2.54×10−2 (CH3)2NH
(H2SO4)2

q ((CH3)2NH)2
q (CH3)2NH+

2 3.80×10−10 H2SO4

(H2SO4)3
q ((CH3)2NH)2

q (CH3)2NH+
2 8.23×101 H2SO4

(H2SO4)4
q ((CH3)2NH)2

q (CH3)2NH+
2 1.14×10−1 H2SO4

(H2SO4)2
q ((CH3)2NH)3

q (CH3)2NH+
2 1.45×10−2 (CH3)2NH

(H2SO4)3
q ((CH3)2NH)3

q (CH3)2NH+
2 9.60×10−9 H2SO4

(H2SO4)4
q ((CH3)2NH)3

q (CH3)2NH+
2 2.79×103 H2SO4

(H2SO4)4
q ((CH3)2NH)4

q (CH3)2NH+
2 7.66×10−6 H2SO4

q (CH3)2NH
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Fig. 1. Structures of clusters with one to four/five sulfuric acid molecules and the most favor-
able number of base molecules (those with the lowest evaporation rate) for: (A) negatively
charged sulfuric acid clusters, (B) negatively charged ammonia-containing clusters, (C) neg-
atively charged DMA-containing clusters, (D) positively charged ammonia-containing clusters
and (E) positively charged DMA-containing clusters. Red spheres represent oxygen atoms,
yellow spheres represent sulfur atoms, blue spheres represent nitrogen atoms, withe spheres
represent hydrogen atoms and green spheres represent carbon atoms.
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  Fig. 2. Evaporation rates at 298.15 K (s−1) for most stable negatively charged clusters vs. the
number of sulfuric acid molecules in the cluster including the bisulfate ion, that is, 1 corresponds
to HSO−

4 , 2 corresponds to H2SO4 HSO−
4 etc. Numbers in parentheses indicate the composition

of the cluster (acids, bases). Solid line represents pure sulfuric acid clusters, dashed line rep-
resents sulfuric acid-DMA clusters and dotted line represents sulfuric acid-ammonia clusters.
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  Fig. 3. Evaporation rates at 298.15 K (s−1) of sulfuric acid clusters containing up to one Lewis

base vs. the number of sulfuric acid molecules in the cluster (not including the bisulfate ion).
Dash-dotted line represents pure neutral sulfuric acid clusters, dotted line represents neu-
tral sulfuric acid clusters with one ammonia molecule, dashed line represents neutral sulfuric
acid clusters with one DMA molecule and solid line represents pure sulfuric acid clusters with
one HSO−

4 ion. Note that unlike in Fig. 2, now 1 corresponds to H2SO4
qX , 2 corresponds to

(H2SO4)2
qX etc., where X = NH3, DMA or HSO−

4 .
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  Fig. 4. Evaporation rates at 298.15 K (s−1) for most stable positively charged clusters vs. the
number of sulfuric acid molecules in the cluster. The numbers in parentheses indicate the
composition of the cluster (acids, bases). Dashed line represents sulfuric acid-DMA clusters
and dotted line represents sulfuric acid-ammonia clusters.
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Fig. 5. Comparison of the evaporation rates at 298.15 K (s−1) of neutral clusters (solid lines),
negatively charged clusters obtained by removing a proton (dotted lines) and the most stable
negatively charged clusters with the same number of sulfuric acid molecules (including the
bisulfate ion, dashed lines). Numbers in parentheses indicates the composition of the cluster
(acids, bases). Top panel: ammonia-sulfuric acid clusters. Bottom panel: DMA-sulfuric acid
clusters.
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Fig. 6. Comparison of the evaporation rates at 298.15 K (s−1) of neutral clusters (solid lines),
positively charged clusters with one proton added (dotted lines) and the most stable positively
charged clusters with the same number of sulfuric acid molecules (dashed lines). Numbers
in parentheses indicates the composition of the cluster (acids, bases). Top panel: ammonia-
sulfuric acid clusters. Bottom panel: DMA-sulfuric acid clusters.
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Fig. 7. Schematic representation of the evaporation pathways after charging of the most stable
neutral base-containing clusters. White circles represent sulfuric acid, white circles with a minus
sign represents bisulfate ion, black circles represents ammonia, black circle with a plus sing
represent ammonium ion, grey circles represents dimethylamine and grey circles with a plus
sign represent dimethylammonium ion.
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 Fig. 7. Continued.
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